Germination and outgrowth of spores of Streptomyces alboniger, Streptomyces scabies, and Streptomyces violaceus-ruber in the presence of intercalating dyes resulted in a high frequency (2 to 20%) of occurrence of aerial mycelium-negative (Amy-) isolates. Coincident with the appearance of the Amy-trait was the loss of several differentiated functions, including the characteristic pigments and earthy odor of the wild types. All S. alboniger, 27% of S. scabies, and 39% of the S. violaceus-ruber Amy-isolates were arginine auxotrophs. The missing enzyme step was identified as argininosuccinate synthetase by using a sensitive microassay for estimation of enzyme activity. The remainder of the S. scabies and S. violaceus-ruber isolates were prototrophs. In addition, S. alboniger Amy-isolates failed to produce or respond to the stimulator of aerial mycelium formation isolated from the wild type. The Amy-isolates did not revert to either Amy' or Arg+. This lack of any detectable reversion, coupled with the high frequency of curing, supports the idea that a deletion of genetic material, possibly a plasmid, has occurred.
The streptomycete life cycle offers a potential system for the study of procaryotic differentiation and development at the molecular level (3, 14, 18) . On solid medium spores, which are haploid (13) , can germinate, grow out, and form colonies composed of substrate mycelia. These colonies look waxy, smooth, and translucent (bald [3] ). Later, aerial mycelia develop, and the colonies become powdery and opaque (hairy [3] ). To complete the growth cycle, spores are again produced, predominantly in the aerial mycelia and to a lesser extent in substrate mycelia. We have reported previously the isolation of a high frequency (up to 20%) of permanently "cured" aerial mycelium-negative (Amy-) colonies of Streptomyces alboniger by germination of spores in the presence of ethidium bromide (EB) (29) . Further studies on Amy-isolates obtained by treatment with various intercalating dyes as well as on spontaneous Amy-isolates have revealed the simultaneous loss of several other specialized functions. These included loss of the earthy odor usually associated with streptomycetes, loss of characteristic pigment production, and loss of the ability of S. alboniger to produce an aerial mycelium-stimulating factor. More surprising was our observation that all S. alboniger Amy-strains required arginine for growth. To confirm the generality of this phenomenon, we extended our curing studies to two other streptomycetes, S. scabies and S. violaceus-ruber. These species had previously been shown to respond identically to S. alboniger with respect to the phenotypic repression of aerial mycelium formation by glucose and reversal of this repression by adenine (29) . When spores of these species were germinated in the presence of intercalating dyes, a similar high frequency of appearance of Amy-colonies, as well as a simultaneous loss of other specialized functions, was observed. The only auxotrophy which appeared in the S. scabies and S. violaceus-ruber Amy-isolates was also a specific growth requirement for arginine. Loss of these differentiated functions correlated with the occurrence of a genetic deletion, since no revertants to Amy' or Arg+ were detected in any isolates. A detailed presentation of these observations, including identification of argininosuccinate synthetase as the missing enzyme responsible for the arginine auxotrophy, and a discussion of a possible molecular basis for this phenomenon are the subjects of the present communication.
(Preliminary reports of these studies have been presented [26; McCann, Redshaw, and Pogell, Abstr. Annu. Meet Chemicals. Acridine orange and acriflavine (AF) were purchased from Sigma Chemical Co., and EB was purchased from Calbiochem. Biochemicals were from Sigma, and solvents (ACS grade) were from Mallinckrodt. Chemicals used were of analytical grade.
The sample of barium argininosuccinate obtained from Sigma (lot 76C-5039) was reported to contain no detectable arginine (<0.1% by thin-layer chromatography [TLC] analysis; Sigma, personal communication). We confirmed the absence of arginine by TLC in ethanol-ammonia-water (8:2:1) . Before use in growth experiments, the barium salt was converted to the potassium salt (28) .
Curing protocol. Individual spores (29) Determination of characteristics of Amystrains. Pigment formation in S. alboniger was determined by inoculation of a colony into 0.5 ml of HT medium contained in a screw-cap tube (16 by 75 mm) and incubation at 28°C in a gyratory shaker for up to 10 days. Under these conditions, Amy' colonies secreted a deep black pigment, usually within 5 days, whereas the Amy-colonies failed to form pigment. In S. scabies and S. violaceus-ruber, pigment production was scored after 5 days of growth on HT agar at 28°C.
The presence or absence of an earthy odor due to geosmin formation (7) was examined after growth of strains on HT agar. Threshold concentrations of geosmin detectable by odor have been estimated to be between 0.16 and 0.2 aLg/liter (32) .
To isolate the stimulator of aerial mycelium formation, S. alboniger wild-type cells were grown for 4 days on HT agar overlaid with dialysis membrane. The hexane-soluble material obtained from a methanol extraction of dried cells was assayed on agar (containing 0.05% beef extract, 0.05% yeast extract, 1% dextrin, and 0.2% N-Z-amine, pH 7.3) swabbed with wild-type cells. After 1 to 2 days at 37°C, the zone of increased white powder was measured.
Hexane-soluble material was also assayed for antibiotic activity against Sarcina lutea on tryptic soy agar at 37°C. On filter paper disks, extracts from 0.2 to 4 mg of wild-type cells gave inhibition zones of 10-to 24-mm diameter.
The inhibitor of aerial mycelium formation was obtained by methanol extraction of either liquid- Argininosuccinate synthetase estimation. The specific activity of this enzyme in sonic extracts of several streptomycetes was very low (1 to 2% of the levels found in rat liver), and qualitative screening of large numbers of mutants was not feasible with classical colorimetric procedures. The procedure described below is a sensitive microassay that can be applied to crude extracts, and it has the additional advantage that no preparation of noncommercially available enzymes is required. Since extracts of all of the streptomycete strains contained argininosuccinase and showed no evidence for urea formation, the sensitivity of the synthetase assay was increased by determining the total amount of radioactive argininosuccinate plus arginine formed from labeled citrulline.
Assay. Aspartic acid and ATP were neutralized before use. Dilutions of pyruvate kinase and pyrophosphatase were freshly prepared in water for each group of assays. Phenol was distilled before use in TLC. Glass-distilled deionized water was used to prepare all solutions.
The following components (in a 10-by 75-mm tube) were evaporated to dryness under reduced pressure at 55°C in a Buchler Rotary Evapo-Mix (final concentrations in the assay are indicated in parentheses): 2 min of incubation at 28°C, the reaction was stopped by adding an equal volume of ethanol-acetic acid (9: 1). The samples were centrifuged to precipitate the protein, and 20 jil of supernatant was spotted onto a silica gel TLC plate. Standards of arginine, argininosuccinate, and citrulline were included with each sample. The plates were developed in phenol-water (8:2), the radioactivity was located with a Packard Radiochromatogram Scanner (model 7201), and amino acids were then visualized by spraying with 0.3% ninhydrin in ethanol. To estimate argininosuccinate synthetase activity, the percent conversion of citrulline to argininosuccinate plus arginine was determined by measurement of the area corresponding to these two products on the TLC scans with a Gelman planimeter. An incubated citrulline control was included with each group of samples, and the small area corresponding to argininosuccinate plus arginine was subtracted from each experimental value. Specific activity was estimated as follows: ,umol of product/h per mg of protein (fraction of radioactive area in argininosuccinate + arginine) (0.0164) (mg of protein) (h of incubation) Typical results obtained with an extract of S. alboniger are illustrated in Fig. 1 . There was an absolute requirement for the addition of inorganic pyrophosphatase in order to demonstrate any synthetase activity and, in addition, higher activities were found by running assays at 28 rather than 37°C. The identity of the radioactive enzymatic products, argininosuccinate and arginine, was also confirmed by TLC in ethanolammonia-water (8:2:1).
Argininosuccinase assay. Enzyme activity was measured by estimation of ornithine formation in a coupled reaction as described by Weiss and Davis (38) colonies no longer formed aerial mycelia, they were still able to sporulate. Each colony was carried through several sporulations, Tween treatments (29) , and replatings to ensure that a single haploid cell type was obtained for each isolate. Selected isolates remained Amy-when grown on several different media and carbon sources.
(ii) All 48 Amy-strains tested failed to produce the characteristic black pigment formed in liquid.
(iii) The characteristic earthy odor produced by actinomycetes could no longer be detected in any of the 84 Amy-isolates. Formation of the sesquiterpene geosmin (trans-1,10-dimethyltrans-9-decalol) is presumed to be responsible for this specific odor (7).
(iv) Specific factors have been found in S. peaks of aerial mycelium inhibitor activity and a single peak of aerial mycelium stimulator activity were obtained. The stimulator has been purified to homogeniety by further column chromatography on alumina, followed by TLC on alumina (McCann and Pogell, manuscript in preparation). It also has antibiotic activity against S. lutea, S. aureus, Bacillus subtilis, Mycobacterium phlei, Mycobacterium smegmatis, and Neurospora crassa, but not against Escherichia coli, Proteus mirabilis, and Proteus morganii. The compound was shown to be completely different from puromycin, the antibiotic known to be produced by S. alboniger (27) , on the basis of solubility, charge, and TLC. Thus, the stimulator was soluble in hexane and benzene and insoluble in water, whereas puromycin has completely inverse solubilities. The stimulator also remained insoluble in both 0.1 M HC1 and KOH when extracted from either CHC13 or CH2Cl2 and could also be easily separated from puromycin by TLC.
When 15 different Amy-isolates of S. alboniger were grown on agar and extracted with methanol, no aerial mycelium stimulator activity or hexane-soluble antibiotic activity against S. lutea could be detected ( Table 2 ). The limits of detection of stimulator and antibiotic activities were 4 and 1%, respectively, of the levels found in the wild type. To further confirm the absence of stimulator in Amy-isolates, a methanol extract of 1.3 g of dry cells from one Amystrain was carried through the silica gel column chromatography step in which the stimulator is separated from the two inhibitor fractions. No detectable antibiotic activity against S. lutea was seen in any fraction.
Also, at least one other factor necessary for aerial mycelium formation must be lost in these Amy-isolates, since none was able to form aerial mycelia in the presence of added stimulator from the Amy' strain ( Amy-colonyforming units, 9 to 15 Amy' colonies were readily re permanently cured detectable as small white specks in the dense ial mycelia, but they mass of Amy-mycelia. Thus, there was no evidence for inhibition of Amy' colony formation isolates of S. scabies by Amy colonies. In addition, we have never melanin pigment (8) seen any Amy' revertants during the preparaPigment production tion of large numbers of Amy-cells for other ,-ruber Amy strains. purposes over a 2-year period. acteristic purple pigAlso, no revertants to Amy' were seen when HT agar, but some Amy cells were treated with either a potent t or pigments with a mutagen or intercalating dyes. Spores of two Within a given Amy-different S. alboniger Amy-isolates were n could be variable treated with 0.5 and 1 mg of N-methyl-N'-nitro-N-nitrosoguanidine under the alkaline condiis detectable on agar tions described by Hopwood (13) . All of the three streptomycetes were tested for their 2 x 10' organisms were ability to grow on minimal medium containing x 109 organisms were either ornithine, citrulline, argininosuccinate, or arginine. By techniques using either direct inns were p)lated, and for oculation of mycelia or plating of spores, growth organisms were plated. was seen only on argininosuccinate and arginine.
Our sample of argininosuccinate contained no detectable arginine (estimated at <0.1% by TLC analysis). As an additional control, we compared the growth of the Amy-auxotrophs on low levels of arginine. Equivalent growth of the Amy-colonies on argininosuccinate would not have been seen even if arginine had been present as a 1% contaminant in the argininosuccinate preparation. Thus, the Amy-isolates grew as well on 0.47 mM argininosuccinate as on 0.47 mM arginine, but they grew very poorly on 0.0047 mM arginine.
These results suggested that the common missing enzyme step in all Amy-Arg-strains was argininosuccinate synthetase. Direct enzyme measurements have confirmed this conclusion. Table 4 lists the assay results for argininosuccinate synthetase and argininosuccinase in various strains of four streptomycete species. Our data show that all Amy4 Arg4 Streptomyces and the Amy-Arg+ isolates have both argininosuccinate synthetase and argininosuccinase. However, within the limits of sensitivity of the methods used, the eight selected Amy-Argisolates all lacked the synthetase and had normal levels of argininosuccinase, a result consistent with our growth experiments. The presence of an enzyme inhibitor in Amy-Arg-sonic extracts was ruled out by a mixing experiment. No inhibition of argininosuccinate synthetase activity was seen when extracts of S. alboniger wild type and Amy-Arg-were incubated together.
In S. coelicolor, strains lacking the argB locus require arginine for growth, whereas argA, C, and D strains can utilize ornithine or citrulline in place of arginine (13) . S. coelicolor 931 argB also was found to grow on 0.94 mM argininosuccinate but to have both argininosuccinate synthetase and argininosuccinase (Table 4) . Thus, our Arg-isolates are probably representatives of a new arg locus in S. coelicolor.
DISCUSSION
With the three streptomycetes used in this study, the isolation of Amy-colonies was always accompanied by a simultaneous loss of several other differentiated functions. Other workers using several different species of streptomycetes did not report a simultaneous loss of diverse characteristics (17, 25, 36) . Mycelium fragments were used in these studies, and we found a much higher frequency of curing in S. alboniger starting with isolated spores (29) . It may be that our approach serves to partially synchronize the streptomycete growth cycle and thus results in higher frequencies of loss of multiple functions or that dye permeability is increased during spore germination.
The appearance of Amy-colonies in S. alboniger was always coincident with the loss of the ability to produce a specific compound which stimulated aerial mycelium formation. At least one other enzymatic step must also be nonfunctional in Amy-isolates, since addition of stimulator did not result in aerial mycelium formation. The stimulator and inhibitors of aerial mycelium formation appear to be very closely related in chemical properties (McCann and Pogell, manuscript in preparation). Characterization of these compounds and the specific enzymes involved in their formation and possible interconversions will help us to delineate the specific control mechanisms that regulate the formation of aerial mycelia.
The loss of a specific arg gene has not been reported in other curing studies with streptomycetes and was most surprising and unexpected. Apparently, a high frequency of occurrence of Arg-auxotrophs is found during muta- Many reports in the literature suggest the possible involvement of extrachromosomal DNA in controlling the expression of differentiated functions in streptomycetes. These studies primarily have been based on the permanent loss of specific functions (formation of tyrosinase, certain antibiotics, and aerial mycelia, as well as loss of resistance to antibiotics) after treatment with intercalating dyes (9, 17, 25, 36) . Treatment with intercalating dyes is known to be very effective for the elimination of extrachromosomal DNA in bacteria (12) , and a high frequency of curing with these agents is considered to be presumptive evidence for the existence of plasmids (24) . Genetic experiments also support the involvement of extrachromosomal DNA in tyrosinase formation in S. scabies (8) , and, indeed, all of our S. scabies Amy-isolates were unable to form melanin (Table 3) . Chloramphenicol production in Streptomyces venezuelae appears to be plasmid linked (1), and there is clear genetic evidence for the existence of a putative plasmid involved in fertility as well as the production of and resistance to methylenomycin in S. coelicolor (15, 19, 39 (20) . Curing of the free plasmid could result in the invariable (in S. alboniger) or frequent (in S. scabies and S. violaceus-ruber) excision of part of this arg gene in an analogous manner to the occasional loss of gal genes upon the induction of X bacteriophage in E. coli (23) . A loss of a specific plasmid, or a portion thereof, involved in the regulation of expression of specialized gene functions could also explain these findings.
Intercalating dyes can also induce frameshift mutations (10) and deletions (31) . We cannot exclude the possibility that the dyes have acted as mutagens or have caused a large deletion or inversion of chromosomal DNA. However, such an explanation would not account for the significant frequency of spontaneous Amy-isolates with multiple losses of differentiated functions. Other less probable interpretations for the data include the following. (i) During the curing experiments, there is a simple deletion of a small piece of chromosomal DNA from a common regulatory gene involved in the expression of these varied functions, such as from a specific promoter region. The diverse nature of the lost differentiated functions and the occurrence of Amy-colonies in S. scabies and S. violaceusruber which are still prototrophs argues against this simple interpretation. (ii) One specific enzyme of arginine biosynthesis, argininosuccinate synthetase, is coded for by plasmid DNA in streptomycetes, and this gene is lost in curing experiments. However, there seems to be no precedent for extrachromosomal coding of any similar indispensable function in other bacteria. In addition, all arg genes, including the one coding for argininosuccinate synthetase, have been found to be part of the chromosomal DNA in other procaryotes (37) . (iii) Loss of the arg gene has nothing to do with plasmid function. There is merely a "hot spot" in the gene for argininosuccinate synthetase. However, in such a case there should be a reasonable reversion frequency, which was not found. Thanks are due to R. Garvin and L. Sankaran for helpful discussions. ADDENDUM Since this manuscript was submitted, we have become aware of two relevant studies from other laboratories. K. Ochi and E. Katz (personal communication) recently isolated a number of amino acid auxotrophs of Streptomyces parvulus after treatment with N-methyl-N'-nitro-N-nitrosoguanidine. Seven isolates which were Arg-were also found to be Amy. All of the other auxotrophs remained Amy'. This observa-
